Background:The mitochondrial production of formate is critical to the generation of one-carbon groups. Results: We have shown that the in vivo production of formate is markedly reduced in folate deficiency. Conclusion: Folate deficiency reduces both the production and utilization of one-carbon groups. Significance: Folate status affects the production and utilization of one-carbon groups and the role of choline metabolites as precursors of these groups.
It is now established that the mitochondrial production of formate is a major process in the endogenous generation of folate-linked one-carbon groups. We have developed an in vivo approach involving the constant infusion of [ 13 C]formate until isotopic steady state is attained to measure the rate of endogenous formate production in rats fed on either a folate-replete or folate-deficient diet. Formate was produced at a rate of 76 mol⅐h ؊1 ⅐100 g of body weight ؊1 in the folate-replete rats, and this was decreased by 44% in folate-deficient rats. This decreased formate production was confirmed in isolated rat liver mitochondria where formate production from serine, the principal precursor of one-carbon groups, was decreased by 85%, although formate production from sarcosine and dimethylglycine (choline metabolites) was significantly increased. We attribute this unexpected result to the demonstrated production of formaldehyde by sarcosine dehydrogenase and dimethylglycine dehydrogenase from their respective substrates in the absence of tetrahydrofolate and subsequent formation of formate by formaldehyde dehydrogenase. Comparison of formate production with the ingestion of dietary formate precursors (serine, glycine, tryptophan, histidine, methionine, and choline) showed that ϳ75% of these precursors were converted to formate, indicating that formate is a significant, although underappreciated end product of choline and amino acid oxidation. Ingestion of a high protein diet did not result in increased production of formate, suggesting a regulation of the conversion of these precursors at the mitochondrial level to formate.
Interest in formate metabolism has increased greatly in recent years, particularly as its role in providing one-carbon groups to the folate pool has become apparent. Formate is produced as a result of the mitochondrial metabolism of a number of metabolic substrates (serine, glycine, dimethylglycine, and sarcosine) with tetrahydrofolate (THF) 3 to yield 5,10-methylene-THF, which in turn is oxidized to 10-formyl-THF. The mitochondrial isoform of 10-formyl-THF synthetase then produces formate from 10-formyl-THF. Mitochondrial formate is released to the cytosol where it may be incorporated into 10-formyl-THF, which is used for purine synthesis (1). 10-Formyl-THF may be reduced further such that it may be used for thymidine synthesis and for methylation reactions (2) . In addition to the mitochondrial pathway, formate is produced in the cytoplasm in a number of other ways, including methanol oxidation, cholesterol synthesis, phytanic acid oxidation, and the catabolism of tryptophan and histidine (3) . An outline of formate metabolism is provided in Fig. 1 .
The critical role of mitochondrial formate metabolism has been highlighted by three recent studies. Work from Stover and co-workers (4) has shown that knock-out of cytoplasmic serine hydroxymethyltransferase results in viable mice, suggesting that the mitochondrial generation of formate may be capable of providing much of the body's one-carbon pool. Monofunctional 10-formyl-THF synthetase (MTHFD1L) is the mitochondrial enzyme responsible for the production of formate. Appling et al. (5) have shown that knock-out of Mthfd1l is embryonically lethal, with embryos showing both growth defects and aberrant neural tube closure. Maternal supplementation of the drinking water with formate decreased the incidence of neural tube defects and partially rescued the growth defect (5) . These experiments provide strong evidence for a critical role for mitochondrially derived formate in mammalian development. Narisawa et al. (6) have shown that mutations in genes that encode for subunits of the glycine cleavage system predispose to neural tube defects in both humans and mice. The glycine cleavage system is a mitochondrial enzyme complex that links the oxidation of glycine to the generation of 5,10-methylene-THF, from which the mitochondria produce formate.
Formate can be rapidly catabolized by the perfused rat liver (7) . Pathways of formate catabolism include its oxidation to CO 2 by catalase as well as a folate-requiring mechanism, probably by means of the combined actions of 10-formyl-THF synthetase and 10-formyl-THF dehydrogenase (3) . Some formate is also excreted in the urine (3) . We have recently shown that both plasma and urinary formate are markedly elevated in rats made deficient in either folate or vitamin B 12 . We have attributed this to impairment in the cytoplasmic incorporation of formate into the folate one-carbon pool either due to frank folate deficiency (folate-deficient rats) or to the methyl folate trap (vitamin B 12 -deficient rats) (8) . Because formate is not elevated in vitamin B 6 -deficient rats, we have suggested that formate levels may provide a means of discriminating between hyperhomocysteinemia brought about by defects in homocysteine remethylation (folate or vitamin B 12 deficiency) and that brought about by a defect in homocysteine transsulfuration (vitamin B 6 deficiency).
Despite this interest in formate, very little is known about whole-body formate metabolism. As far as we are aware, there is only one study that examined formate whole-body kinetics. This study (9) reported rates of formate appearance of ϳ2-4 mg/kg/h (ϳ45-90 mol/kg/h) in sheep. There appears to be no study of whole-body formate kinetics in situations where plasma formate levels are elevated. We report here a study of whole-body de novo formate synthesis in rats fed either a folatereplete or a folate-deficient diet. The results confirm impaired formate removal during folate deficiency and also indicate impairment in formate production. The impairment in formate synthesis was confirmed with isolated mitochondria. We also report an improved enzymatic assay for plasma formate.
EXPERIMENTAL PROCEDURES
Animals-Male, Sprague-Dawley rats, ϳ60 -80 g, were provided by Memorial University's Division of Animal Care and were housed individually in a temperature and humidity-controlled facility with a 12-h light-dark cycle (7.00 -19.00 light). All animal procedures were approved by the Animal Care Committee at Memorial University of Newfoundland and followed the Guidelines of the Canadian Council on Animal Care.
Folate-deficient Diets-For our first experiment (isotopic measurement of endogenous formate synthesis) the rats were placed on either folate-replete or folate-deficient diets containing 10 g of succinylsulfathiazole/kg of diet for 15 days. These were commercial, amino acid-based diets obtained from Dyets Inc., Bethlehem, PA (#517777 and #517804 for the deficient and replete diets, respectively). These diets have been described by Bills et al. (10) . For the subsequent experiments we employed the AIN-93G diet (11) , prepared with high nitrogen, low vitamin (MP-Biomedical) casein and contained 10 g/kg of succinylsulfathiazole. The only difference between the deficient and replete diets was the vitamin mix. We found that after 18 days on these diets the deficient animals were comparably folate- deficient, as judged by folate, formate, and homocysteine levels as they would be on the amino acid-based diets.
High Protein Diets-AIN-93G-based diets were prepared containing either 12% or 50% casein. To accommodate the increase in protein in the 50% protein diet, each of the carbohydrate components were proportionally decreased. The decreases were as follows (in g/kg diet): cornstarch from 447 to 207; dextrinized cornstarch from 149 to 69; sucrose from 112 to 52. These diets were fed to rats for 1 week.
Plasma and Liver Folate-Plasma and liver folate were measured using the Lactobacillus casei microbiological assay (12) . Liver folate content was normalized to total protein, which was determined by the modified Lowry assay (13) .
In Vivo Kinetics-Rats were anesthetized with isoflurane (4% in oxygen for induction; 2% in oxygen for maintenance), and catheters (4 cm of PE-50 tubing, heat adhered to 10-cm PE-10 tubing) were surgically implanted into a femoral artery and the contralateral femoral vein. Sodium [ 13 C]formate in saline (150 mM sodium [ 13 C]formate diluted with 0.9% saline to a formate concentration of 12.4 mM and filtered through a 0.2-m syringe filter) was infused without a priming dose through the venous catheter at ϳ700 l/h, a rate calculated to replace fluid losses due to sampling. Blood samples (200 l taken at 0 time and at 20-min intervals for 1.5 h) were taken through the arterial catheter. After each sampling the arterial catheter was flushed with heparinized saline (100 units/ml). Plasma was obtained by centrifugation and derivatized, and the tracer-to-tracee ratio (TTR) (see Ref. 15 for terminology) was determined as described (14) . The TTR of the derivatized zero time sample was subtracted to correct for natural abundance of heavier isotopes, as described by Wolfe (15) . At steady state, the TTR can be used to calculate the endogenous rate of formate appearance (R a ) by the equation, R a ϭ F/E p , where F is the rate of infusion of [ 13 C]formate (mol/h) and E p is the plasma enrichment (TTR) (16) .
Mitochondrial Studies-Rat liver mitochondria were isolated by differential centrifugation in a medium consisting of 0.26 M sucrose, 3.4 mM Tris, 1.0 mM EGTA, adjusted to pH 7.4. Mitochondrial quality was monitored by measuring the respiratory control ratio (oxygen consumption in State 3/oxygen consumption in State 4). With ␤-hydroxybutyrate as substrate these ratios were 5.4 and 4.5, respectively, from folate-replete and folate-deficient rats. The comparable ratios with succinate as substrate were 4.3 and 4.1. Mitochondria were incubated with constant stirring for 10 min at 30°C at 2.5 mg of mitochondrial protein/ml in 2 ml of an incubation medium consisting of 140 mM KCl, 5 mM HEPES (pH 7.4), 4 mM K 2 HPO 4 , 2.5 mM MgCl 2 , 1.5 mM EDTA, 1.6 mM ADP, and various substrates. Using data on the hepatic content of serine and glycine in rat liver (17) and the intracellular volume of rat liver (18), we calculated the physiological intracellular concentrations of serine and glycine to be ϳ1 and 3 mM, respectively. We, therefore, incubated the mitochondria with either 3 mM glycine or 1 mM serine. There is little information available on the hepatic content of sarcosine and dimethylglycine, so we employed concentrations of 1 mM for each of these to ensure that the mitochondria were adequately provided with substrates. Preliminary experiments showed that the rate of formate production was linear with mitochondrial protein under our experimental conditions. Formate was measured by GC-MS (14) .
Materials-All chemicals were of the highest purity available. Sodium [ 13 C]formate (99%) was obtained from Cambridge Isotope Laboratories (Andover, MA). Formate dehydrogenase from Candida boidinii was obtained from Sigma.
Data Presentation and Analysis-All data are provided as the means Ϯ S.D. Differences between two means were tested for statistical significance by means of Student's t test with p Ͻ 0.05 taken to indicate a significant difference. In the isotope infusion experiments the plateaux of TTRs were verified by linear regression analysis.
RESULTS
Folate Status-The two folate-deficient diets produced a comparable degree of folate deficiency. Plasma levels of folate in the rats on the Dyets folate-deficient diet were 42.2 Ϯ 5.1 fmol/l (n ϭ 4) compared with 126.6 Ϯ 21 fmol/l (n ϭ 4) for the Dyets folate-replete diet (p Ͻ 0.001). The comparable folate values in liver were 6.7 Ϯ 3.0 fmol/g of protein (n ϭ 4) for the folate-deficient diet compared with 46.6 Ϯ 10.8 (n ϭ 4) for the folate-replete diet (p Ͻ 0.001). For the AIN-93G diets, folate in plasma was 32.2 Ϯ 4.9 fmol/l (n ϭ 4) and 150.5 Ϯ 17.8 fmol/l (n ϭ 4), respectively, for the deficient and replete diets (p Ͻ 0.001). The liver values were 8.4 Ϯ 0.6 and 53.3 Ϯ 6.9 fmol/g of protein (n ϭ 4), respectively, for the deficient and replete diets (p Ͻ 0.001).
Enzymatic Assay for Formate-An enzymatic assay for formate, employing formate dehydrogenase and diaphorase, has been described (19) . The oxidation of formate to CO 2 by formate dehydrogenase is coupled to the reduction of NAD ϩ to NADH. The NADH is then used by diaphorase to reduce iodonitrotetrazolium to its formazan whose absorbance was read at 500 nm. Quantitation was achieved by an internal standard, i.e. plasma samples were spiked with a known amount of formate. The formate dehydrogenase assay is an endpoint assay, i.e. the increase in absorbance should eventually plateau, permitting the determination of the difference between the initial and final absorbance. However, we encountered an absorbance creep in that the absorbance continued to increase for hours. This was eventually traced to the presence of dithiothreitol (DTT) in the commercial enzyme preparation. When DTT was removed by passing the enzyme through a PD-10 size-exclusion column, the assay improved markedly, coming to a definite endpoint. Using this improved assay we compared plasma formate levels from a variety of rats (fed vitamin-replete diets or diets deficient in either folate or vitamin B 12 ) by both the improved formate assay or by the GC-MS method of Lamarre et al. (14) . There was excellent agreement between the two assays (r 2 ϭ 0.94). The enzymatic assay was routinely employed to measure plasma formate levels.
Isotopic Determination of Rates of Formate Appearance In Vivo- Fig. 2 shows a typical experiment in which [ 13 C]formate was infused into a 198-g rat fed the folate-deficient diet until the tracer to tracee ratio attained a plateau level of ϳ9% above natural abundance. The plasma formate concentration remained steady at ϳ60 M. Table 1 shows comparable data for two groups of 6 rats fed either the folate-replete or folate-defi-cient diet for 15 days. It is evident that the rate of formate appearance was significantly decreased in the rats fed the folate-deficient diet (43.5 mol⅐h Ϫ1 ⅐100 g body wt Ϫ1 ) compared with rats fed the folate-replete diet (76.2 mol⅐h Ϫ1 ⅐100 g body wt Ϫ1 ). Fig. 3 shows plots of the rate of formate appearance, measured isotopically, for each of the two groups of rats as a function of their plasma formate concentration. It is evident that the two groups of rats behave quite differently. In the folate-replete rats increased rates of formate appearance correlated with increased plasma formate concentration. In the rats fed the folate-deficient diets, however, those with the highest plasma formate concentrations displayed the lowest rates of formate appearance.
To gain further insights into formate metabolism, we compared rates of formate appearance with the maximal possible rate of production of one-carbon groups from dietary constituents. We could do this because we knew the composition of these chemically defined diets and we measured food consumption. From the quantity of each amino acid ingested we subtracted the amount required for net protein synthesis. We did this from knowledge of the growth rate of the rats (over the last 3 days of the experiment), the protein content of adult rats (20) , and the amino acid profile of rat whole-body protein (21) . Subtracting the amino acids required for net protein synthesis from those ingested gave us the quantities of each amino acid available for catabolism. We accounted for the fact that each histidine, tryptophan, methionine, and glycine catabolized could yield a maximum of one one-carbon group, serine could yield two, and each choline could potentially yield a maximum of four. Table 2 shows how the maximum potential dietary onecarbon groups were calculated. Fig. 4 shows that formate production, measured isotopically, was equal to 75% of ingested one-carbon precursors not required for net protein synthesis in the rats fed the folate-replete diet and 43% in those fed the folate-deficient diet.
Formate Production by Isolated Rat Liver Mitochondria-To confirm the finding that de novo formate production was decreased in folate deficiency, we examined formate production by isolated liver mitochondria from rats fed either a folatereplete or folate-deficient diet. Table 3 shows a substantial rate of formate production from serine in mitochondria from the folate-replete rats, but the rates from the other substrates were very low. Formate production from serine was very much reduced in mitochondria from the folate-deficient rats, and formate production from glycine remained low. Unexpectedly, in these mitochondria, formate production from sarcosine and dimethylglycine was increased ϳ4-fold.
In Vivo Formate Production in Rats Fed a High Protein Diet-Because a high protein diet would provide a greater quantity of potential one-carbon precursors, we examined whether such a diet would increase the rate of endogenous formate production. Rats were fed AIN-93G-based diets containing either 12% or 50% casein for 7 days and then infused with [ 13 C]formate as described above. Table 4 shows that there was no significant difference in plasma formate levels, TTR, or rates of endogenous formate production. This could be explained by the occurrence of a regulatory mechanism, which balances the flux of one-carbon groups to formate relative to the flux to direct oxidation depending on the quantity of potential one-carbon groups available. Formate production amounted to 37% of the available dietary intake of potential one-carbon precursors in the rats fed the high protein diet and, remarkably, 176% in the rats fed the low-protein diet. This surprising result is discussed below.
DISCUSSION
As far as we are aware there has been only one previous study that examined formate production in an animal model; in 1962, Annison and White (9) used [ 14 C]formate to estimate endogenous formate production in sheep. They reported a value of 2-4 mg⅐kg Ϫ1 ⅐h Ϫ1 , which amounts to ϳ40 -80 mol⅐kg Ϫ1 ⅐h Ϫ1 , approximately 1 ⁄ 10 of the rates that occur in rats. Undoubtedly, this reflects to some degree the lower metabolic rates that occur in larger animals. A major finding of the present study is the relatively high rate of de novo formate production in the rat. There are many sources of formate. The metabolism of serine, glycine, dimethylglycine, and sarcosine in mitochondria can give rise to 5,10-methylene-THF, which may be converted to formate, as outlined in Fig. 1 . There is good evidence that serine is the major source of one-carbon groups for the provision of methyl groups for methyltransferase reactions (22) . There is also good evidence that mitochondrial serine hydroxymethyltransferase plays a critical role in the donation of one-carbon groups. This conclusion has been drawn from experiments with [2,3,3-2 H 3 ]serine (23) . Metabolism of this labeled serine through serine hydroxymethyltransferase 1 in the cytosol yields 5,10-methylene-THF, which contains two atoms of 2 H that, when reduced to 5-methyl-THF, yields methionine molecules that contain two atoms of 2 H (Mϩ2). Metabolism of [2,3,3-2 H 3 ]serine via the mitochondrial serine hydroxymethyltransferase 2 also yields 5,10-methylene-THF that is (Mϩ2). However, it retains only one of these deuterons on conversion to 10-formyl-THF, with the result that Mϩ1 formate is produced. When incorporated into the cytoplasmic THF pool this becomes (Mϩ1) 5-methyl-THF and produces (Mϩ1) methionine when used by methionine synthase. The ratio of (Mϩ1) to (Mϩ2) methionine produced from [2,3,3-2 H 3 ]serine is, therefore, a measure of the relative production of one-carbon groups from serine by the mitochondrial and cytoplasmic pathways (23) . A variety of studies have shown that the mitochondrial pathway is the dominant route for the production of one-carbon units (22, 24, 25) . There are also a number of cytoplasmic reactions whereby formate is produced. These include reactions in the catabolism of tryptophan and histidine, a number of cytochrome P450catalyzed demethylation reactions (such as the demethylation of lanosterol during cholesterol synthesis and the ␣-oxidation . The percentage of dietary one-carbon groups that appears in formate. The maximum production of formate from dietary precursors was calculated from the dietary intake of serine, glycine, methionine, tryptophan, histidine, and choline, measured over the last 2 days of the experiment. These estimates were corrected by subtracting the quantity of each amino acid required for net protein synthesis (full details are provided under "Results"). They took into account the fact that a maximum of four one-carbon groups could be supplied by the catabolism of choline, two from serine, and one each from glycine, histidine, methionine, and tryptophan. The rate of endogenous formate production, measured isotopically, was then expressed as a percentage of the maximum rate of production of formate from these dietary precursors. of phytanic acid). The magnitude of these reactions in aggregate is not known. An important conclusion from our experiments is that formate production represents a significant, although underappreciated, end product of amino acid and choline metabolism. In folate-replete animals, formate metabolism amounted to ϳ75% of the maximum of one-carbon groups that could be produced from dietary amino acids and choline.
In our previous study we attributed the elevated plasma formate seen in folate deficiency to impairment in the utilization of one-carbon groups (8) . This is certainly true. However, our present study revealed an additional impairment, an appreciable decrease in the rate of endogenous formate production ( Table 1 ). This can be attributed to the depletion of the mitochondrial folate pool. In the study reported herein, we observed quite high rates of formate production from serine by mitochondria from folate-replete rats ( Table 3 ) but much lower rates from glycine, sarcosine, and dimethylglycine. This is entirely consistent with the in vivo findings of Davis et al. (22) that serine is the primary source of methyl groups for homocysteine methylation. Formate production from serine by liver mitochondria from folate-deficient rats was greatly decreased (Table 3) , confirming the greatly decreased rate of de novo formate production observed in vivo (Fig. 3) . A very surprising result, however, was the increased production of formate from sarcosine and dimethylglycine in liver mitochondria from folate-deficient rats. These results may be explained by findings that both purified sarcosine dehydrogenase and dimethylglycine dehydrogenase are capable of enzymatic activity in the absence of THF (26) . In the presence of THF, these enzymes transfer one-carbon groups from their respective substrates to produce 5,10-methylene-THF and the corresponding products (glycine from sarcosine and sarcosine from dimethylglycine). FAD is also reduced to FADH 2 . When assayed in the absence of THF, these enzymatic reactions still proceed except that the one-carbon groups are transferred from the substrates to water, producing formaldehyde. We suggest that such formaldehyde can be oxidized to formate by the mitochondrial formaldehyde dehydrogenase (27) , accounting for the formate production from sarcosine and dimethylglycine that occurs in mitochondria from folate-deficient rats. These results may have broad implications. Dimethylglycine arises from choline catabolism. Sarcosine arises both via choline metabolism and from the activity of glycine N-methyltransferase, which uses S-adenosylmethionine to methylate glycine to sarcosine. It is conceivable, therefore, that formate may be produced in vivo, albeit at rather lower than normal rates, by mitochondria from folate-deficient rats. In such a situation, dietary methionine, choline, and betaine may be more important than serine as one-carbon precursors.
We fed rats on a high protein diet to determine whether this would oblige increased production of formate; it did not do so. There was no difference in the rate of de novo formate synthesis between rats fed a 12% and a 50% protein diet; neither was plasma formate elevated in the rats fed the high protein diet. Remarkably, in the rats fed the low protein diet, de novo formate production amounted to 176% of the available dietary intake of one-carbon groups (dietary intake minus the quantity required for net protein synthesis). This can only be accounted for if there is a high rate of de novo synthesis of one or more of the one-carbon precursors. Such a synthesis of serine has been demonstrated in Sprague-Dawley rats by Kalhan et al. (28) . They found appreciable rates of serine synthesis (95 and 60 mol⅐h Ϫ1 ⅐100 g body wt Ϫ1 , respectively, in rats fed diets containing 6 and 24% protein). Because serine potentially produces 2 one-carbon groups per molecule, this de novo synthesis of serine can increase the potential availability of one-carbon groups by 120 -190 mol⅐h Ϫ1 ⅐100 g body wt Ϫ1 . Taking a mean value of 155 mol⅐h Ϫ1 ⅐100 g body wt Ϫ1 , this increases the potential availability of one-carbon groups to 444 and 211 mol⅐h Ϫ1 ⅐100 g body wt Ϫ1 , respectively, in the rats fed the high and low protein diets. Thus formate synthesis in our rats fed the high-protein diet amounted to 23% of the total available onecarbon groups (net dietary intake plus de novo synthesis) and 46% in the rats fed the low-protein diet. These calculations are entirely consistent with the suggestion of Kalhan et al. (28) that the high rates of de novo serine synthesis are related to onecarbon metabolism.
That formate synthesis is not a stoichiometric product of amino acid oxidation suggests its production may be adjusted, probably in proportion to the need to provide one-carbon groups. In such a situation we suggest that excess one-carbon groups may be oxidized to CO 2 . There are a number of mechanisms whereby the inflow of one-carbon groups to the folate cycle may be regulated. One of these, the oxidation of formate by the peroxidative action of catalase, appears to be limited by the production of hydrogen peroxide (27) . Krebs et al. (29) have described an elegant regulatory system whereby elevated S-adenosylmethionine levels inhibit methylene-THF reductase, giving rise to increased levels of 5,10-methylene-THF. Because the reactions between 10-formyl-THF and 5,10-methylene-THF are reversible, the increased 5,10-methylene-THF results in increased levels of 10-formyl-THF and increased rates of oxidation of the formyl group to CO 2 via the 10-formyl-THF dehydrogenase. However, we cannot invoke these cytoplasmic mechanisms to explain the increased disposition of one-carbon groups by rats fed the high protein diet as they presuppose increased mitochondrial formate production in the first instance. However, there is a mitochondrial mechanism that permits the oxidation of excess one-carbon groups without requiring the production of increased quantities of formate. Mitochondrial 10-formyl-THF is at a metabolic crossroad. It may be converted to formate and THF by the mitochondrial MTHFD1L coupled to the synthesis of ATP via a substratelevel phosphorylation; it may also be oxidized to CO 2 by the mitochondrial 10-formyl-THF dehydrogenase, accompanied by the reduction of NADP ϩ to NADPH. Relatively little is known about the regulation of this important crossroad; however, the ratio of CO 2 to formate is not invariant. The relative conversion of the 3-carbon of serine to CO 2 or to formate has been studied in rat liver mitochondria by García-Martínez and Appling (30) who reported a variable ratio of formate to CO 2, depending on the serine concentration and whether the mitochondria are coupled or uncoupled. Virtually no CO 2 is produced by avian liver mitochondria as birds have a very large requirement for formate for uric acid synthesis (31) . We sug-gest that the mitochondrial disposition of 10-formyl-THF may be regulated in rats fed a high protein diet such that the ratio of CO 2 to formate is increased. The accompanying increased production of intramitochondrial NADPH would make electrons available to the respiratory chain for ATP synthesis. Experiments to test this hypothesis are under way.
We describe the first study of in vivo formate kinetics in folatedeficient animals. Unexpectedly, it demonstrated decreased de novo formate production in folate deficiency. This is attributed to the requirement for folate coenzymes for the mitochondrial generation of formate. However, it is likely that the choline metabolites, sarcosine and dimethylglycine, may produce formate via formaldehyde in the absence of folate coenzymes. Formate production is a significant, although unappreciated, product of oxidative metabolism, particularly of amino acids and choline. Feeding a high protein diet did not increase formate production, indicating that the rate of formate production is not simply regulated by substrate supply. We anticipate that the method we describe for measuring formate kinetics in vivo will be applied to other experimental and nutritional paradigms in humans and non-human animals.
